Nucleotide biosynthesis proceeds through a de novo pathway and a salvage route. In the salvage route, free bases and/or nucleosides are recycled to generate the corresponding nucleotides. Thymidine kinase (TK) is the first enzyme in the salvage pathway to recycle thymidine nucleosides as it phosphorylates thymidine to yield thymidine monophosphate. The Arabidopsis genome contains two TK genes ÀTK1a and TK1bÀ that show similar expression patterns during development. In this work, we studied the respective roles of the two genes during early development and in response to genotoxic agents targeting the organellar or the nuclear genome. We found that the pyrimidine salvage pathway is crucial for chloroplast development and genome replication, as well as for the maintenance of its integrity, and is thus likely to play a crucial role during the transition from heterotrophy to autotrophy after germination. Interestingly, defects in TK activity could be partially compensated by supplementation of the medium with sugar, and this effect resulted from both the availability of a carbon source and the activation of the nucleotide de novo synthesis pathway, providing evidence for a compensation mechanism between two routes of nucleotide biosynthesis that depend on nutrient availability. Finally, we found differential roles of the TK1a and TK1b genes during the plant response to genotoxic stress, suggesting that different pools of nucleotides exist within the cells and are required to respond to different types of DNA damage. Altogether, our results highlight the importance of the pyrimidine salvage pathway, both during plant development and in response to genotoxic stress.
INTRODUCTION
Nucleotides constitute the basic monomeric units required for the polymerization of DNA during replication and repair. In eukaryotic cells, the correct balance in deoxyribonucleotide (dNTP) pools contributes to the maintenance of nuclear and organellar genome integrity (Wang and Liu, 2006) . Moreover, nucleotides are immediate precursors of some co-enzymes such as flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD + ), or serve as glucose donors in the synthesis of cellulose and in glycosylation reactions (Moffatt and Ashihara, 2002) .
The dNTPs can derive from simple molecules -via the de novo pathway or from preformed precursors through the salvage pathway (Kafer et al., 2004) . Although de novo nucleotide biosynthesis is energetically expensive, the salvage pathway uses the nucleoside backbones and free bases derived from the hydrolysis of nucleic acids to regenerate triphosphate nucleotides for nucleic acid synthesis. Functional analyses have shown that both routes are relevant for plant development, although their respective contributions vary depending on the plant developmental stage (Moffatt and Ashihara, 2002; Stasolla et al., 2003; Kafer et al., 2004) . The energy-demanding de novo biosynthesis takes place in plastids and mitochondria, whereas the salvage pathway can follow both cytoplasmic and organellar routes (Zrenner et al., 2006) .
Ribonucleotide reduction by ribonucleotide reductase (RNR) is the rate-limiting step in the de novo pathway.
RNR reduces the ribose moiety at the C2
0 position in all four NDPs. Deoxyuridine monophoshpate is then methylated by thymidylate synthase (TS) in a methylenetetrahydrofolatedependent reaction to produce dTMP, which is finally phosphorylated twice (Kafer et al., 2004) . The importance of the de novo pathway has been shown by molecular genetic analysis of RNR subunit mutants. Mutations on RNR genes impair plant development, chloroplast biogenesis and organelle DNA replication, and cause hypersensitivity to UV radiation (Wang and Liu, 2006; Garton et al., 2007) .
The salvage pathway is also required for growth and development in plants. Each nucleotide is recycled via a specific pathway involving several enzymes that first allow conjugation of the free base to the ribose moiety and then phosphorylation of the nucleoside to form mono-, di-and triphosphate nucleotides (Zrenner et al., 2006) . The role of the adenosine salvage pathway has been determined through the silencing of the first enzyme of the pathway: adenosine kinase (ADK) in Arabidopsis. Reduction in protein levels beyond 90% impacts root and hypocotyl elongation . In addition, inactivation of the UPP gene, a member of the uracil phosphoribosyltransferase (UPRT) family in Arabidopsis, leads to severe dwarfism and a pale-green to albino phenotype, which was associated with compromised chloroplast biogenesis. This phenotype is consistent with the subcellular location of the enzyme in plastids (Mainguet et al., 2009) .
Salvage of the thymidine nucleoside is carried out by thymidine kinase (TK1), to yield dTMP. This nucleotide is quickly phosphorylated to dTDP by thymidylate kinase (TMPK), and further to its triphosphate form by nucleoside diphosphate kinase (NDK). Thymidine kinase is highly conserved among eukaryotes with the exception of yeast and other fungi, which lack the salvage pathway. Plant cells also contain TK1 genes: the Arabidopsis thaliana genome encompasses two TK1 genes (TK1a and TK1b, also named TK1 and TK2), and TK1a and b share 58% identity at the protein level. Whereas mutants for each TK1 gene show almost normal growth, the double mutant (tk1a tk1b) seedlings die at the cotyledon stage (Clausen et al., 2012; Xu et al., 2015) , indicating that TK1 activity is essential for plant development.
One pending question is how carbohydrate metabolism relates to the control of nucleotide biosynthesis and to the balance between the de novo and the salvage pathways. Indeed, the two routes drastically differ in their energy requirements. In plants, the TOR1 kinase controls the expression of S-phase genes according to glucose availability by activating the E2Fa transcription factor (Polyn et al., 2015) . Transcriptome studies demonstrated that glucose and/or sucrose induces nucleotide synthesis gene expression of both the salvage and the de novo routes through a TOR-E2F pathway in root meristems (Xiong et al., 2013) . Thus, it is possible that increased glucose availability could compensate for the loss of nucleotide recycling, as was described in the case of the upp mutant, the phenotype of which was partly rescued when sucrose was added to the growth medium (Mainguet et al., 2009) .
Another pending question is whether TK1a and b play different roles in plant cells, notably in response to stress conditions. Only TK1a is upregulated by genotoxic agents such as mitomycin C and UV-C radiation, and its overexpression confers tolerance to those treatments, suggesting that TK1a contributes to provide dTTP for DNA repair (Pedroza-Garc ıa et al., 2015) . Indeed, TK1a has been shown to be a core target of the DNA damage response (DDR). Upon DNA damage, DNA lesions are sensed by ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3 related), two phosphatydilinositol kinase-related proteins that are involved in the perception of double-strand breaks and single-stranded DNA, respectively. Once activated, they phosphorylate and activate the SOG1 transcription factor (Yoshiyama et al., 2013 (Yoshiyama et al., , 2017 Sjogren et al., 2015) , the functional homologue of human p53, which in turn stimulates the expression of DNA repair genes and checkpoint factors that arrest cell cycle progression (Hu et al., 2016) . Transcriptomic studies in response to genotoxic stress using Arabidopsis mutants of DDR transducers suggest that the ATM-but not the ATR-dependent pathway regulates AtTK1a in response to gamma radiation (Culligan et al., 2006) . By contrast, the contribution of TK1b to the DDR has been little explored, and further studies are thus required to really determine how AtTK1a and AtTK1b genes are regulated during the DDR, and how they contribute to plant tolerance to DNA damage.
Another difference between these two proteins is that TK1b has an organellar transit peptide comprising 36 amino acids at the N terminal. The TK1b-YFP fusion protein localizes in the mitochondria of Arabidopsis protoplasts (Xu et al., 2015) . The presence of TK in a genomebearing organelle suggests that one TK1b function could be to supply dTTP for organellar DNA replication and repair. A prominent role in the maintenance of organelle genome integrity would account for the albino or palegreen phenotype of various mutants affected in the nucleotide biosynthesis pathways (Garton et al., 2007; Mainguet et al., 2009; Yoo et al., 2009; Niu et al., 2017) . In this work, we explored the differential roles of the two TK genes in safeguarding nuclear and organellar DNA integrity, as well as in their regulation during the DDR.
RESULTS
In the absence of sucrose, TK1b is necessary for early plant development
Single homozygous tk1b mutants have been described previously and have been shown to be indistinguishable from the wild type at the adult stage (Clausen et al., 2012; Xu et al., 2015) . At early developmental stages they display smaller yellow cotyledons under normal growth conditions (Xu et al., 2015) , however, suggesting that chloroplast biogenesis during photomorphogenesis is affected in the absence of TK1b. To further explore the origin of these defects, we used the same single homozygous tk1b mutant (SALK_074256; referred to as tk2-1 in Xu et al., 2015) . The T-DNA insertion in this line is located within the unique exon and causes an 80% reduction of TK1b transcript levels compared with wild-type Col-0; however, the total TK enzymatic activity (Data S1) was reduced only by 40-50% compared with wild-type plants, as a result of the presence of the TK1a gene ( Figure S1a-d) .
We first asked whether the de novo pathway might compensate for the loss of TK1b activity. To address this question, we grew tk1b mutant seedlings without sucrose to minimize the contribution of the energy-requiring de novo synthesis, or in the presence of sucrose to allow its activation. In the absence of sucrose, the growth of the mutant seedlings was affected ( Figure 1a ). As previously reported, the tk1b mutant showed a delay in greening (Figure 1b ). In addition, we observed that the development of the first true leaves was delayed (Figure 1c) , and root length was 30% shorter than in the wild type (Figure 1d ). This reduction in root elongation was likely to arise from the inhibition of cell proliferation, as the meristem length was reduced in the mutant ( Figure S2 ). The growth phenotype was rescued by overexpression of the wild-type TK1b gene in the tk1b genetic background (Figures 1a, d and S2), confirming that the defects were linked to the reduction of TK1b activity. Moreover, the addition of sucrose to the growth medium fully rescued the tk1b root growth defects (Figure 1e , f).
Glucose signalling induces the expression of genes from the nucleotide de novo synthesis, compensating for the deficiency of the salvage pathway As sucrose rescued the tk1b phenotype, we asked whether this was linked to its role as a carbon source or to the activation of nucleotide biosynthesis, likely through the TOR (target of rapamycin) signalling pathway (Xiong et al., 2013) . We tested two additional sugars: glucose and fructose. Glucose rescued the root length and the meristem size of tk1b seedlings (Figures 2a, b and S2 ). In the presence of fructose, tk1b roots were longer than on plain GB5 media, but did not reach the same length as wild-type plants (Figure 2a, b) , thus suggesting that fructose might be acting solely as a carbon source whereas sucrose/glucose might also induce the de novo pathway. To test this hypothesis, we grew seedlings on GB5 media containing 2-deoxyglucose (2-DG), a non-metabolizable glucose analogue that blocks glycolysis (Xiong et al., 2013) . Under these conditions, the tk1b plants stopped development and showed albino cotyledons (Figure 2c ). This severe phenotype was partially rescued by adding glucose to the medium, suggesting that nutrient deprivation caused by the presence of 2-DG was responsible for the phenotype; however, the roots remained short both in the wild type and in the mutant plants ( Figure S3 ).
The development arrest and bleaching of tk1b mutants exposed to 2-DG could indicate that this mutant relies on de novo nucleotide biosynthesis to compensate for the reduced activity of the salvage pathway, leading to defects in chloroplast biogenesis when activation of this route is compromised. To determine whether the effects of glucose and 2-DG on the tk1b growth phenotype correlated with changes in the expression of genes involved in nucleotide biosynthesis, we monitored the expression of five genes (Data S1) that are representative of the two thymidine biosynthesis pathways in root tips of wild-type and mutant plants (Figure 2d ). For the de novo pathway we chose two RNR subunits (RNR1 and TSO2) and TS, and for the salvage pathway we analysed the expression of TK1a and TK1b. In both wild-type and tk1b mutants, the expression of genes involved in thymidine recycling was largely insensitive to glucose or 2DG. By contrast, TSO2 and RNR1 were upregulated in the presence of glucose, whereas 2-DG caused a repression of TSO2 and TS. In the presence of both glucose and 2-DG, the expression of all genes tested was identical to or even higher than the basal expression level on control medium in both lines, consistent with the observed phenotypes. These antagonistic effects of glucose and 2-DG on the expression of de novo dNTP biosynthesis genes are consistent with a regulation of nucleotide biosynthesis genes according to sugar availability. In this context, sugar metabolism and signalling would be critical for tk1b mutants to develop because they rely mainly on de novo biosynthesis for dTTP production.
Previous studies have reported that inactivation of both TK genes in Arabidopsis results in a seedling-lethal phenotype (Clausen et al., 2012; Xu et al., 2015) . To further study the functional redundancy between the two enzymes and to determine whether the addition of sucrose could rescue the double mutants, we crossed the tk1b mutant with the two tk1a mutants characterized previously [SALK_094632, here referred to as tk1a-1, as in Clausen et al. (2012) , and SALK_097767, referred to as tk1a-2 and tk1-1 in Clausen et al. (2012) and Xu et al. (2015) , respectively] . As previously described, sesquimutant seedlings (tk1a/+tk1b) showed chlorotic cotyledons ( Figure S4a) . They also showed a more severe reduction of root growth than tk1b single mutants, and rescue of this phenotype was dependent on the addition of sucrose in the growth medium (Figure S4a, b) . At later developmental stages, sesquimutant plants were smaller than the wild type or single mutants and showed leaf variegation ( Figure S4c) .
Consistent with previous reports, the double mutants (tk1a tk1b) were albino (Clausen et al., 2012; Xu et al., 2015) . In addition, they had even smaller roots than the sesquimutants ( Figure S4a ). Interestingly, this root growth phenotype was partially restored by sucrose ( Figure S4a b) . It was reported that these double mutant plants stop developing at the cotyledon stage (Clausen et al., 2012; Xu et al., 2015) , and we therefore tested whether the addition of sugar in the growth medium during the first 2 weeks would favour the development of plants beyond that stage. Although the root growth of the double mutant was partially restored by sucrose, they grew slowly and when the seedlings were transferred to potting mix, they managed to develop leaves with pale-green variegation varying towards fully albino leaves ( Figure S4c) . None of the plants grown in the absence of sugar survived: they stopped developing and died roughly 6 weeks after transfer to soil ( Figure S4d ). In contrast, when plants were grown on medium supplemented with sucrose, they displayed improved growth and leaf greening, and approximately 50% of these plants reached the flowering stage ( Figure S4e ).
Taken together, our results suggest that the loss of TK activity affects several aspects of cellular physiology, but is particularly detrimental to the development of chloroplasts and thus for the ability of plants to grow photo-autotrophically.
TK1b has dual organellar localization and TK1 deficiency affects organelle DNA replication
To explore the role of TK activity in the maintenance of the organellar genome, we compared organelle genome copy numbers in tk mutants and wild-type plants. As shown in Figure 3 (a), the relative abundance of organellar genomes compared with the nuclear genome remained unchanged in single tk1a-2 or tk1b mutants. By contrast, chloroplast genome copy number was 65% and 84% lower in sesquimutants and double mutant plants, respectively. We observed a 20% reduction in the relative abundance of the mitochondrial genome only in the double mutant. To check that these changes in the relative abundance of organellar genomes was not due to changes in the nuclear DNA content, we monitored endoreduplication levels in the cotyledons of all lines. As shown in Figure S5 , endoreduplication was unchanged in tk1a-2 and tk1b mutants. By contrast, endoreduplication was decreased in tk1a-2/+tk1b sesquimutants, and even more so in tk1a-2 tk1b double mutants. This drop in endoreduplication is consistent with the albino phenotype of the plants, as endoreduplication in cotyledons is triggered by light during photomorphogenesis, and the same reduction of endoreduplication was observed in the apg3 (albino and pale green 3) mutant, which has an albino phenotype as a result of disruption to ribosome release factor 1 (Motohashi et al., 2007 ; Figure S5 ). Importantly, as the nuclear genome copy number per cell was reduced in sesqui and double mutants, the observed changes in the nuclear DNA content of mutants cannot account for the decrease in relative organelle genome abundance. The observed reduction in chloroplast genome accumulation could merely be a consequence of the albino phenotype of the mutants. To rule out this possibility, we used the apg3 mutant as a control. The relative abundance of the chloroplast genome remained unchanged in these plants (Figure 3a) , confirming that the defects observed in tk mutants are not the consequence of abnormal chloroplast differentiation. These results suggest that TK1b might be located in both organelles and not exclusively in the mitochondria, as was reported previously (Xu et al., 2015) . To clarify this, we employed both transient and stable transformation strategies of TK1b-GFP fusions. Arabidopsis plants expressing the TK1b-GFP fusions were examined by confocal microscopy; GFP signal was observed in both organelles in hypocotyl cells ( Figure S6a ). The TK1b-GFP fusion was transiently expressed in Arabidopsis protoplast and Nicotiana benthamiana (tobacco) leaves (Figure 3b-c) via agroinfiltration. Expression of TK1b-GFP in tobacco leaves showed that GFP signal and chlorophyll autofluorescence displayed similar distribution patterns, supporting the hypothesis that TK1b was targeted to chloroplast ( Figure 3b ). To confirm the putative chloroplast location, we used a construct encompassing a translational fusion between the chloroplast-targeting peptide and mCherry (mt-rk CD3-999; Nelson et al., 2007) . As shown in Figure S6 (b) the GFP signal co-localized with mCherry inside chloroplasts, forming punctuated structures. We also analysed the co-localization of TK1b-GFP with a Col-0 and tk1b mutant seedlings were grown in GB5 agar medium without any carbon source and supplemented with equimolar concentrations of glucose and fructose (30 mM). Root length was determined after 9 days. Values in panel (b) are averages AE SEs (n = 37) and different letters indicate significantly different values, as analysed by ANOVA followed by Tukey's test for comparison of means (P < 0.01). (c) Col-0 and tk1b mutant seedlings were grown in GB5 agar medium without any carbon source for 3 days and then were transferred to the indicated medium for 3 days. (d) qRT-PCR analysis of the expression of various genes involved in the de novo (TSO2, RNR1 and TS) and salvage (TK1a and TK1b) nucleotide biosynthesis pathways, in wild-type (Col-0) and tk1b mutant root tips; seedlings were grown in GB5 agar medium without any carbon source for 3 days, and then they were transferred to corresponding treatments for 12 h before sample collection. Data shown here are representative of at least two biological replicates. Different letters indicate significantly different values, as analysed by ANOVA followed by Tukey's test for comparison of means (P < 0.01). mitochondrial marker using both protoplast transformation and agroinfiltration of tobacco leaves. In Arabidopsis protoplasts, we observed poor co-localization signals of TK1B-GFP fusion and the mitochondrial marker ( Figure S6c ). By contrast, we observed clear co-localization between TK1b-GFP and the mito-mcherry marker in agroinfiltrated tobacco leaves (Figure 3c ). Moreover, we detected GFPlabelled chloroplasts inside the same cell (Figures 3c and S6c) . Further evidence of chloroplastic localization comes from data in the Plant Proteome Database (http://ppdb.tc.c ornell.edu ; Sun et al., 2009 ) that identifies several TK1b-derived peptides in samples prepared from chloroplast stroma. These results indicate that the TK1b protein has the potential to be targeted both to plastids and to mitochondria.
Our data support the hypothesis that this enzyme has dual organellar localization and contributes towards DNA synthesis in both compartments, similarly to other proteins involved in organellar DNA replication (Blomme et al., 2017; Carrie et al., 2009; Cupp and Nielsen, 2014; Moriyama and Sato, 2014) .
TK1b is required for organellar genome integrity
Although greening was affected in tk1b mutants, we were not able to detect any modification of the organellar DNA content in these lines. One possibility could be that TK1b is also required for chloroplastic DNA repair, and that defects in this process could result in delayed greening. To demonstrate the role of TK1b in the maintenance of organellar genome integrity, we treated Arabidopsis seedlings with ciprofloxacin, a DNA gyrase inhibitor, that induces the formation of double-strand breaks (DSBs) in organellar DNA (Cappadocia et al., 2010; Evans-Roberts et al., 2016) . Homozygous tk1b seedlings were hypersensitive to ciprofloxacin compared with wild-type Col-0 seedlings (Figure 4a, b) . Root growth was reduced by 20% in (c) Figure 3 . TK1 deficiency affects organelle DNA abundance, and TK1b is located in both mitochondria and chloroplast. (a) qPCR analysis of mitochondria and chloroplast genome copy number relative to nuclear copy number in 9-day-old seedlings of Col-0, tk1b, tk1a-2, tk1a-2 tk1b double mutant and (tk1a-2/+tk1b) sesquimutant. Total genomic DNA was extracted from 9-day-old plantlets of the indicated genotypes. Relative DNA copy number was measured by qPCR using the nuclear UBQ10 gene as a reference; The ccmFn2 (encoding a protein involved in cytochrome c biogenesis) and cox1 (encoding the main subunit of the respiratory complex IV) genes were used to monitor mitochondrial genome abundance, and the ycf2 (encoding a protein of unknown function) and rbcL (encoding the large subunit of RuBisCO) genes were used for the chloroplastic genome. Values are given as relative abundances compared with the wild type (Col-0 wild-type plants and by 45% in tk1b mutants grown in the presence of 0.25 lM ciprofloxacin (Figure 4c-d) . To determine whether this role in the maintenance of organelle genome integrity was specific to TK1b, we tested the sensitivity of the two tk1a mutants to ciprofloxacin. These plants did not show hypersensitivity to the antibiotic at the lowest concentration (0.25 lM), although we observed a modest but statistically significant difference in the root length between wild-type and mutant plants at 0.5 lM ( Figure S7 ). TK1b overexpression did not significantly increase root growth in presence of the antibiotic ( Figure S8a, b) , but slightly improved the development of first true leaves (Figure S8c) . We also tested the sensitivity to CIP in other TK mutant alleles and as Figure S9 (a) shows, only the tk1b plants displayed chlorosis at CIP concentrations that have a mild effect on Col-0 and tk1a mutants. Furthermore, complementation of the tk1b mutant with the full-length cDNA rescued the hypersensitivity to CIP ( Figure S9b ). These results indicate that TK1b has a relevant role in the maintenance of the organelle genome integrity. To further explore this hypothesis, we determined organelle genome abundance in plants grown on medium with ciprofloxacin and novobiocin, another inhibitor of organelle DNA gyrases that does not directly induce DSB, but interferes with organelle DNA replication (Cappadocia et al., 2010) . We evaluated two mitochondria-specific genes (ccfm2 and cox1) and two chloroplast-specific genes (rbcL and ycf2). Ciprofloxacin led to a drastic reduction in mitochondria and chloroplast genome copy number on both lines, but the tk1b mutant was more sensitive than the wild type, particularly for the plastid genome (Figure 5) . Novobiocin did not affect mitochondria genome copy number, either in Col-0 or in tk1b mutants. Interestingly, it only caused a reduction of plastid genome copy number in tk1b mutants but not in Col-0 (Figure 5 ), indicating that TK1b plays a role in the maintenance of chloroplast genome integrity when its replication is challenged. Transmission electron microscopy ultrastructural analysis (Data S1) showed that in the absence of the antibiotic, chloroplasts from the cotyledons of Col-0 and tk1b mutants are crescent shaped with well-formed thylakoid membranes ( Figure S10, sections 1 and 3 ). Ciprofloxacin at low concentration (0.25 lM) caused disturbed chloroplast morphology and disorganization of the thylakoids. Such observations were similar for both wild-type and tk1b mutant seedlings treated with ciprofloxacin ( Figure S10 and 4). Thus, the ciprofloxacin concentration (0.25 lM) that we employed had differential effects in the wild type and in the tk1b mutants in terms of root growth and organelle genome copy number, but not in terms of ultrastructure. As described above, the addition of sugars in the medium rescued the root growth phenotype in tk1b mutants. To test the effects of sugars in response to genotoxic agents, we challenged Col-0 and tk1b mutant seedlings with ciprofloxacin, in the absence/presence of sucrose, glucose or fructose. Without any added sugar, the tk1b mutant showed hypersensitivity to ciprofloxacin (46% growth reduction at 0.25 lM) versus 22% reduction in Col-0 (Figure 6a ). In the presence of sucrose, glucose or fructose, however, both genotypes displayed enhanced tolerance to the antibiotic, and only at the highest ciprofloxacin concentration was a significant decrease in root length observed (Figure 6b-d) , providing further evidence for the complementary roles of the de novo and salvage pathways in the safeguard of organelle genome integrity. We performed a similar experiment with the seedlings grown in novobiocin and found than none of the three sugars tested rescued the rootgrowth inhibition caused by this gyrase inhibitor (Figure S11) . Supplementation with sugars caused the plants to remain green, however, and the percentage of plants showing true leaves increased in both Col-0 and tk1b mutant seedlings ( Figure S12 ). We next asked whether TK1b could be involved in the protection of the chloroplast genome under stress conditions. Data mining of public transcriptome data using GENEVESTIGATOR revealed that TK1b, but not TK1a, is highly induced when plants are shifted to high light conditions ( Figure S13a) . To confirm the role of TK1b in the maintenance of the chloroplast genome integrity upon photo-oxidative stress, we tested the sensitivity of tk1b mutants to norflurazon. This herbicide inhibits carotenoid biosynthesis, thereby resulting in severe photoinhibitory stress and bleaching. As shown in Figure S13 (b), tk1b mutants and tk1a/+b sesquimutants showed more severe bleaching and growth reduction than wild-type plants, providing further evidence for a role of TK1b in the maintenance of organellar genome in response to stress conditions such as excess light.
Finally, we asked whether the response to organellar DNA damage involved canonical DDR signalling proteins. To this end, atm, atr and sog1 mutants were germinated on ciprofloxacin. As shown in Figure 7 , the development of first leaves was more severely affected in DDR mutants than in the wild type, and at higher doses of ciprofloxacin DDR mutants and particularly sog1 showed more severe bleaching than the wild type, indicating that proteins identified for their role in the maintenance of nuclear genome integrity could also be involved in the response to organellar DNA damage.
Differential roles of TK1a and TK1b in the DNA damage response
In human fibroblasts, the mitochondria thymidine kinase TK2 has been shown to play an essential role in nuclear DNA repair (Lee et al., 2014) . We therefore explored whether plant TK1b is required in the response to other types of genotoxic stress. To this end, we treated wild-type and tk mutant lines with two additional genotoxins: hydroxyurea (HU), an RNR inhibitor that causes stalled DNA replication forks and abundant single-stranded DNA, and Zeocin TM that induces DSBs. The TK1b mutation led to a drastic decrease in root length compared with wild-type seedlings (Figure 8a , b) exposed to HU. This severe hypersensitivity is likely to result from the fact that tk1b mutants rely on de novo biosynthesis for dNTP production. By contrast, tk1b mutants did not display hypersensitivity to Zeocin TM (Figure 8c, d) . Reciprocally, TK1b overexpression did . Organellar genome integrity is compromised in tk1b mutants upon ciprofloxacin exposure. qPCR analysis of mitochondria and chloroplast genome copy number relative to nuclear copy number in 9-day-old seedlings of Col-0 and tk1b mutant germinated in the presence of 0.25 lM ciprofloxacin (CIP) or 15 lM novobiocin (NOV). Nuclear (UBQ10), mitochondrial (ccmFn2 and cox1) and chloroplastic (rbcL and ycf2) genes were used as markers for each compartment. Values are normalized to UBQ10 abundance in the wild type (Col-0) in the absence of treatment. Bars are averages AE standard deviations obtained from three technical replicates and are representative of two biological replicates.
not confer tolerance to Zeocin TM ( Figure S8d-f ), in contrast with what was previously reported for TK1a overexpression (Pedroza-Garc ıa et al., 2015). Interestingly, tk1a mutants were hypersensitive to both HU and Zeocin TM (Figure S14) . These results suggest that TK1a and TK1b are required for the appropriate response to different kinds of genotoxic stress, and are likely to display a differential transcriptional regulation during DDR.
We next asked whether TK1a and TK1b were differentially regulated during the DDR as suggested by transcriptome analyses. To this end, we used transgenic plants expressing the uidA gene under the control of the TK1a or TK1b promoter. We followed the expression changes following DDR activation in the root tip. We treated 5-day-old seedlings with ciprofloxacin, HU or Zeocin TM for 12 h before GUS staining (Data S1). Figure 9 shows that only seedlings containing the AtTK1a promoter displayed a strong induction of GUS activity in the root meristem after exposure to HU or Zeocin TM , which is consistent with the hypersensitivity shown by tk1a mutants to these genotoxins ( Figure S14 ). The TK1a promoter did not respond to ciprofloxacin. GUS activity driven by the AtTK1b promoter remained unchanged with all treatments tested (Figure 9 ), suggesting that TK1b is not regulated transcriptionally during the first 12 h of exposure, albeit that it is required for a proper response to ciprofloxacin and HU (Figures 4 and 8) .
DISCUSSION
A correct balance in dNTP pools is crucial for the maintenance of nuclear and organellar genome integrity, but the contribution of TK to this process has only been partially explored (Clausen et al., 2012; Xu et al., 2015) . Here we have further investigated the role of Arabidopsis TKs in safeguarding organellar and nuclear genome integrity, and their importance for chloroplast development at the transition between heterotrophy and autotrophy.
The thymidine salvage pathway is required for proper plant growth at the transition from heterotrophy to autotrophy Studies of the plant pyrimidine salvage pathway revealed that this route plays an important role during early development (Zrenner et al., 2006; Mainguet et al., 2009 ); salvage synthesis is highly active in the first steps of germination in white spruce, and its contribution declines as germination progresses and the de novo synthesis pathway takes over (Stasolla et al., 2002 (Stasolla et al., , 2003 . In addition to the previously described delayed greening of tk1b mutants, and the albino phenotype of the tk1a tk1b double mutants and sesquimutants (Clausen et al., 2012; Xu et al., 2015) , we observed that a loss of TK1b results in reduced root growth through a decrease of meristem size. Sustained cell division in the root meristem during early seedling development depends on the establishment of photosynthetic activity in the shoot (Xiong et al., 2013) . As chloroplast development is impaired in tk1b and tk1a/+tk1b sesquimutants, we hypothesized that the observed defects in root growth were an indirect consequence of impaired chloroplast function in cotyledons. An indirect role of TK1b on root cell proliferation would also be consistent with the fact that TK1b is not highly expressed in root meristems under standard conditions (Figure 9 ). Consistently, the addition of sucrose to the growth medium could rescue the root growth deficiency. In plants, the TOR1 kinase controls the expression of S-phase genes according to glucose availability by activating the E2Fa transcription factor (Polyn et al., 2015) . This pathway allows the reactivation of cell divisions in the root meristem (Xiong et al., 2013) via the upregulation of hundreds of genes, including those involved in the de novo nucleotide biosynthesis. AtTK1a, AtRNR1 and AtTSO2 contain a potential E2F-binding element in their promoter region, and microarray analysis of Arabidopsis seedlings ectopically expressing the E2F and DPa transcription factors support the idea that they are potential E2F targets (Vandepoele et al., 2005) . Sucrose supplementation could thus rescue the root growth defects of tk1b mutants either by providing a carbon source for ATP production or by triggering the TOR-E2F pathway, and thereby de novo nucleotide biosynthesis. To explore the respective contributions of the metabolic and signalling roles of sugars, we compared the effect of glucose and fructose on the root growth of the mutant. Glucose, but not fructose, fully rescued root length in tk1b mutants, and expression of de novo synthesis genes was induced by glucose in the tk1b mutant: the reduction in root growth is thus likely to result from both lower carbon assimilation associated with the delayed greening phenotype of the mutant and low dTTP availability. This hypothesis is corroborated by the fact that 2-DG, a non-metabolizable glucose analogue that blocks glycolysis (Xiong et al., 2013) , could antagonize the effect of sucrose on the root phenotype of tk1b mutants: it is thus likely that the root growth defects of the tk1b mutant mainly result from defects in the chloroplastic function of cotyledons. The observation that the tk1b mutant, like the upp mutant (Mainguet et al., 2009) , can be rescued by sugar supplementation suggests that pyrimidine recycling is key for growth at early stages during the transition from heterotrophy to autotrophy, before the onset of photosynthesis allows the activation of the more energy-demanding de novo biosynthesis pathway (Stasolla et al., 2003; Zrenner et al., 2006) . These complementary roles of the two routes for nucleotide biosynthesis have been described After 10 days, some plantlets had developed normal first leaves (Class I), whereas others had slightly bleached and smaller leaves (Class II), and others had severely bleached and deformed leaves that in some cases had almost not developed (Class III). The percentage of plants in each phenotypic class was assessed. (b) On higher doses of ciprofloxacin (0.5 lM), all plantlets failed to develop true leaves, and the cotyledons appeared bleached. Chlorophyll quantification revealed that atm, atr and to a greater extent sog1 showed more severe bleaching than wild-type plants. Data are averages AE SDs, and different letters indicate statistically relevant differences (ANOVA followed by Tukey's test, P < 0.05).
previously: in Solanum tuberosum, the inhibition of de novo pyrimidine synthesis can be compensated for by an increased activity of the salvage pathway (Geigenberger et al., 2005) . Taken together, our results suggest that nucleotide recycling is particularly crucial for chloroplast development and activity.
Differential roles of TK1a and TK1b in the maintenance of the nuclear and organellar genomes Arabidopsis mutants deficient for RNR subunits Àrnr1 and tso2À display variegated leaves like tk1a/+tk1b sesquimutants (Wang and Liu, 2006) , and rnr1 tissues have fewer copies of chloroplast genome compared with that of wildtype plants (Garton et al., 2007) . Likewise, rice mutants lacking the deoxycytidine monophosphate deaminase have an imbalanced dNTP pool with reduced dTTP levels. This mutation triggers decreased cell proliferation, defective chloroplast development and impaired DNA repair capacity (Niu et al., 2017) . These results suggest that organelle DNA replication is highly sensitive to reduced dNTPs levels. In agreement with this hypothesis, sesqui-and double tk1 mutants showed a decrease in chloroplast genome copy number, and only double mutant lines displayed a reduction in the number of mitochondria genome copies, indicating that TK1 activity is required for organelle DNA replication, particularly in chloroplasts. Consistent with these results, we found that TK1b has a dual location in chloroplasts and mitochondria, and not exclusively in mitochondria, as reported previously (Xu et al., 2015) . Strikingly, the distribution of TK1b between chloroplasts and mitochondria varied between experiments: in our experience, it was exclusively located in plastids in some assays (Figure 3b ), whereas in others it accumulated both in plastids and mitochondria (Figures 3c and S6b-c) . The dual targeting of proteins to organelles is relatively frequent (Sharma et al., 2018) . It has been shown to rely either on the production of two different polypeptides from a single gene through alternative transcription or translation initiation sites, or on the presence of an ambiguous targeting sequence (Sharma et al., 2018) . Both mechanisms could explain the discrepancy between our data and that of Xu et al. (2015) . Indeed, if TK1b dual targeting depends on alternative transcription or translation initiation sites, the regulatory sequences governing the choice of initiation site could be incomplete in GFP-fusion constructs encompassing only the coding sequence. Likewise, an ambiguous targeting sequence could allow accumulation in one organelle or the other, depending on the expression level of the protein, of the cell type or in response to stress caused by the transformation procedure. Future work will help to determine how dual targeting of TK1b is controlled, and whether its localization varies depending on cell types, developmental stages or stress conditions, but our data obtained through various approaches and independently in two laboratories very strongly argue for the dual localization of this protein. (a-d) Wild-type (Col-0) and tk1b mutants were germinated in GB5 agar medium and 4-day-old seedlings were transferred to GB5 agar medium without or supplemented with genotoxins: 2 mM HU or Zeocin TM (5 and 10 lM). Root length was measured 9 days after transfer. Panels (a)-(c) show averages AE SEs (n = 23), and different letters indicate significantly different values, as analysed by ANOVA followed by Tukey's test for comparison of means (P < 0.01). Panels (b)-(d) represent relative root growth compared with control medium.
Further evidence of TK1b targeting to chloroplasts comes from data in the Plant Proteome Database (http://ppdb.tc.c ornell.edu ; Sun et al., 2009 ) that identifies several TK1b-derived peptides in samples prepared from chloroplast stroma. Moreover, tk1b plants displayed hypersensitivity to antibiotics that inhibit organellar DNA replication and a decrease in the organellar DNA copies number in the presence of these drugs, compared with wild-type seedlings. Importantly, the chloroplastic genome was much more severely affected than the mitochondrial genome, providing further evidence for a role of TK1b inside chloroplasts. Together, these data support that TK1b has dual organellar localization and contributes to DNA synthesis in both mitochondria and chloroplasts, similarly to other proteins involved in organellar DNA replication and repair (Cappadocia et al., 2010; Rowan et al., 2010; Parent et al., 2011) . Interestingly, the addition of sugar to the growth medium largely alleviated the effect of ciprofloxacin on plant growth, irrespective of genotype, possibly via the glucose-dependent activation of many S-phase genes, including those involved in the de novo nucleotide biosynthesis and DNA repair (Xiong et al., 2013 ).
TK1b appears to play the most prominent role in the maintenance of organellar genomes, as tk1a mutants do not show reduced growth or organellar genome replication in response to organellar DNA damage. The loss of TK1a aggravates the phenotype of tk1b mutants in normal growth conditions, however, suggesting an active exchange of thymidine nucleotides from different cellular compartments. Indeed, substrates for the pyrimidine salvage pathway can shuttle between the cytoplasm and organelles (Witz et al., 2012; Girke et al., 2014) . In addition, both tk1 single mutants displayed hypersensitivity to HU, an RNR inhibitor, consistent with the notion that exchanges can exist between cytoplasmic and organellar nucleotide pools. A similar observation has been reported in mammalian cells, where the cytoplasmic TK1 can rescue defects caused by the loss of the mitochondrial TK2 protein (Pontarin et al., 2003; Ferraro et al., 2006) . Finally, sugar supplementation to the growth medium rescued the sensitivity of tk1b mutants to ciprofloxacin. This indicates that de novo nucleotide biosynthesis stimulated by sugar can compensate for the deficiency in nucleotide recycling, providing further evidence for the complementary roles of the two nucleotide biosynthesis pathways.
Overall, TK1b appears to be more specifically involved in the maintenance of organellar genomes, although some redundancy can exist with TK1a. By contrast, only tk1a mutants displayed hypersensitivity to Zeocin TM that induces DSBs, suggesting that TK1a may be more specifically required for nuclear genome repair. In agreement with this hypothesis, TK1a and TK1b differ by their regulation in response to DNA damage. Indeed, TK1a belongs to the set of core genes induced by multiple DNA-damaging agents (Yi et al., 2014) . For instance, the expression of TK1a is induced by almost 50-fold after gamma radiation in wildtype Arabidopsis seedlings, and this induction drops to twofold in atm mutants (Culligan et al., 2006; Ricaud et al., 2007) . A similar decrease in the induction of TK1a expression to ionizing radiation was observed in the sog1-1 mutant (Yoshiyama et al., 2009) , consistent with the recent finding that TK1a and RNR subunit genes are direct targets of SOG1 (Ogita et al., 2018) . In addition, lines deficient for the replicative DNA Pol e showed the constitutive activation of DDR genes, including TK1a. In this context, TK1a activation was dependent upon SOG1 but not upon ATM (Pedroza-Garcia et al., 2016; Pedroza-Garc ıa et al., 2017) , indicating that both the ATR and the ATM branches of the DDR can trigger TK1a expression. In agreement with the previous findings, we found that TK1a expression was strongly induced when plants were exposed to genotoxic stress (Pedroza-Garc ıa et al., 2015) , whereas expression of TK1b did not seem to vary much in response to genotoxic stress.
In animals, there is extensive evidence for a connection between the DDR and organelle function. Indeed, ATM controls mitochondrial response to nuclear DNA damage (Valentin-Vega et al., 2012; Shimura et al., 2017) , and contributes to the maintenance of mtDNA copy numbers in fibroblasts under normal conditions (Eaton et al., 2007) . Likewise, ATR is recruited at the mitochondrial periphery to control glucose starvation-induced autophagy in yeast (Yi et al., 2017) , and was shown to suppress cytochrome c release from mitochondria, thereby inhibiting apoptosis (Hilton et al., 2015) . Reciprocally, the sensing of mtDNA damage can trigger the relocalization of repair-related proteins in mitochondria, including p53 (Wong et al., 2009; Boesch et al., 2011) , the SOG1 functional homologue. Here, we found that sog1 is hypersensitive to genotoxins targeting organelle DNA, suggesting that retrograde signalling pathways are activated by chloroplast DNA damage to trigger SOG1 activity. Indeed, it has been shown previously that ROS production in organelles activates ATM and the DDR pathway (Yi et al., 2014) , and that chloroplast dysfunction induces the expression of SOG1 target genes (Hudik et al., 2014) , some of which could be involved in the protection or repair of organelle genomes. A plethora of retrograde signalling routes have been described (de Souza et al., 2017) , however, and further studies will be needed to determine how they are connected to the DDR. Recently, in Arabidopsis, it was shown that the N-terminal of ATM interacts with RUG3, a mitochondria protein, and that this interaction occurs within organelles, possibly to control the organelle DDR (Su et al., 2017) . In line with these findings, we observed that DDR components are required for plant tolerance to organelle DNA damage. Interestingly, SOG1 appears to play a more prominent role than ATM or ATR, suggesting that both kinases could function redundantly to trigger its activity in response to organelle DNA damage. Further experiments will be required to fully elucidate the connections between plant DDR and retrograde signalling, and how they contribute to safeguard organelle genome integrity.
CONCLUSIONS
We have shown that TK1b has roles in organelle DNA replication and repair. Recently, it was reported that tk1b mutant plants are hypersensitive to chilling stress (Wang et al., 2016) , and a similar phenotype has been described for rice mutant plants of RNR small subunit (Chen et al., 2015) , highlighting the importance of a proper dNTP pool balance for the survival of plant cells during development and in response to environmental stresses. Although, many roles are conserved between plants and other eukaryotes, the regulation of plant TK1 might differ from what has been described in mammals. Indeed, the posttranslational regulation of plant TK1 has been demonstrated to be different from that of other eukaryotes (Mutahir et al., 2013) .
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds were surface sterilized by treatment with a solution containing 5% sodium hypochlorite for 20 min, and then washed and imbibed in sterile water for 2-4 days at 4°C to obtain homogeneous germination. Seeds were sown on commercially available GB5 agar medium (Gamborg 0 s B5 Basal Medium; Sigma-Aldrich, https://www.sigmaaldrich.com) supplemented with the appropriate sugar (30 mM) if needed and solidified with 1% agar (PhytoAgar HP696; Kalys, fr.kalys.com) and grown under long-day conditions (16 h light, 8 h night, 21°C) in a growth chamber. After 2 weeks, the plants were transferred to soil in a glasshouse under short-day conditions (8 h light 20°C, 16 h night at 18°C) for 2 weeks before being transferred to long-day conditions. For the selection of transgenic lines, seeds of the T 1 generation were sown on sand and watered with a solution of glufosinate (7.5 mg L
À1
) or in GB5 supplemented with hygromycin 30 lg ml À1 , according to the resistance. Independent lines were self-fertilized, and homozygous lines of the T 3 generation were used for all subsequent experiments.
Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild-type plant throughout this study. The T-DNA insertion mutant lines for both AtTK genes [SALK_094632 (tk1a-1) and SALK_097767 (tk1a-2); SALK 074256 (tk1b) and GK457H01 (tk1b-3)] were obtained from the Arabidopsis Biological Resource Center (https://abrc.osu.edu). Crosses were performed between the heterozygous tk1a mutant and the homozygous tk1b mutant to obtain sesquimutant and double mutants, and the primers used for the genotyping of these lines are listed in Table S1 .
Genotoxic treatments
To evaluate the sensitivity to genotoxic agents [hydroxyurea (HU), Zeocin TM (Zeo) or ciprofloxacin (CIP)], Arabidopsis seeds were sown in GB5 agar medium supplemented with genotoxin at the indicated concentrations. After 9 days, the plantlets were analysed for root length, true leaf formation and green plant percentage.
Cloning and plasmid constructs
Arabidopsis thaliana TKs clones were obtained from cDNA of 7-day-old seedlings. Primers were designed on specific 5 0 and 3 0 untranslated regions (UTRs) using PRIMER3PLUS. Primer sequences are listed in Table S1 . PCR was performed using high-fidelity polymerase Advantage HD (Clontech, now TaKaRa, https:// www.takarabio.com ) and the products were purified from agarose gel and cloned in pGEM â -T Easy vector (Promega, https:// www.promega.com ) with T 4 DNA ligase according to the manufacturer's instructions. Ligation products were used to transform competent Escherichia coli DH5a. Recombinant vectors were sequenced to verify the identity of the clones and the direction of the insert. Gateway â technology was used for subcloning the open reading frames (ORFs) of the TK genes omitting the stop codon into pDONR TM 221 vector (ThermoFisher Scientific, https:// www.thermofisher.com ) by BP clonase reaction (Invitrogen, now ThermoFisher Scientific) in order to generate the entry clones. After that, these entry clones were digested with the restriction enzyme MluI (FD0564; ThermoFisher Scientific) and the fragments of approximately 2500 bp were subcloned into pEarleyGate 103 (GFP fusion) and pGWB14 (3HA fusion) binary vectors (Earley et al., 2006) by LR clonase reaction (Invitrogen). These constructs were used for complementation of mutants and to determine subcellular location. In parallel, another set of constructs was generated for particle bombardment. The TK1b coding sequence was cloned into the pUCAP-GFP vector, upstream and in frame with eGFP. The pTK1a/b::GUS constructs were described in Pedroza-Garc ıa et al. (2015) .
Confocal microscopy
To evaluate the subcellular location from AtTK1b-GFP, fusion was performed by the transformation of protoplasts according to the method described by Yoo et al. (2007) . Leaves of 3-to 4-week-old plants from A. thaliana (Col-0) were used for protoplast isolation. The transfection was performed with the PEG-calcium method. Protoplasts were co-transfected with the AtTK1b-GFP fusion and the organelle markers fused to mCherry for mitochondria or plastid (stocks # CD3-991 and CD3-999, respectively, from ABRC, https://www.arabidopsis.org). After 18 h, transfected protoplasts were visualized. Fluorescence was monitored with the confocal Microscope Olympus FV1000, using 488/505-545 nm (excitation/ emission) for GFP and 581/644 nm (excitation/emission) for mCherry.
To confirm the subcellular localization of AtTK1b we performed agroinfiltration. Agrobacterium strain GV3.101 transformed with TK1b-GFP or mt-rk CD3-991 (Nelson et al., 2007) was grown overnight in LB medium containing the appropriate antibiotics. Cells were washed twice in infiltration medium [10 mM MgCl 2 , 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 7.0, 150 lM acetosyringone], and the OD 600 nm was adjusted to 0.1. Leaf discs were observed under a confocal microscope (LSM880; Zeiss, https://www.zeiss.com ) 2 days after infiltration. We also used particle bombardment to further confirm our results. Young leaves of N. benthamiana were transfected by bombardment with a Biolistic PDS-1000/He TM System (Bio-Rad, http://www.bio-rad.com ). After 24 h, the fluorescence of GFP and chlorophyll was observed at 505-540 nm and beyond 650 nm, respectively, after excitation at 488 nm on a Zeiss LSM700 confocal microscope.
Determination of organellar DNA copy number
Total genomic DNA was extracted from 10-day-old plantlets as previously described in Doyle and Doyle (1987) . Organelle copy number was quantified by quantitative polymerase chain reaction (qPCR) , using the nuclear gene UBC21 as a reference. Each qPCR reaction was performed using 1 ng of genomic DNA. For each organellar genome, we used two pairs of primers targeting two different genes (cox1 and ccmFn2 for the mitochondrial genome, and rbcL and ycf2 for the chloroplastic genome). The primer sequences are listed in Table S1 .
Flow cytometry
For flow cytometry analysis, tissues were chopped with a razor blade in 1 ml of Gif nuclei-isolation buffer [45 mM MgCl 2 , 30 mM sodium citrate, 60 mM 3-(N-morpholino)propanesulfonic acid (MOPS) , 1% (w/v) polyvinylpyrrolidone 10 000, pH 7.2] containing 0.1% (w/v) Triton X-100, supplemented with sodium metabisulphite (5 mM) and RNAse (5 U ml À1 ). Propidium iodide was added to the filtered supernatants to a final concentration of 50 lg ml À1 . Endoreduplication levels of 5000-10 000 stained nuclei were determined using a Cyflow SL3 flow cytometer (Sysmex Partec, https://www.sysmex-partec.com) with a 532-nm solid state laser (30 mW) excitation and an emission collected after a 590-nm long-pass filter.
Statistical analysis
All statistical analysis was performed using STATISTIX â (https:// www.statistix.com).
Accession numbers
The sequence data of the genes analysed in this work were obtained from the Arabidopsis Genome Initiative Database under the following accession numbers: AT3G07800 (TK1a), AT5G23070 (TK1b), AT2G21790 (RNR1), AT3G27060 (TSO2), AT3G23580 (RNR2A), AT5G40942 (RNR2B), AT2G16370 (TS1), AT1G27450 (APT1), AT5G25760 (UBC21), ATMG01360 (COX1), ATMG00960 (CCMFN2), ATCG00490 (RBCL) and ATCG00860 (YCF2). 
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